1. Introduction {#sec1-biomolecules-10-01011}
===============

Melanoma skin cancer has a high mortality, and its incidence is increasing in recent decades \[[@B1-biomolecules-10-01011]\]. Melanoma originates from skin-resident melanocytes and is an aggressive type of cancer that accounts for more than 75% of skin cancer mortalities \[[@B2-biomolecules-10-01011]\]. In the advanced stages of melanomas, surgical resection, systemic therapy, and adjuvant cytotoxic chemotherapy show limited efficacy, leading to a five-year survival rate of only 20% \[[@B3-biomolecules-10-01011]\]. Resistance to anticancer therapy is a common clinical problem in many cancer patients. Resistance can be attributed to a range of mechanisms involved, for instance, tumor heterogeneity, metabolism, stress, tumor microenvironment, and genetic or epigenetic changes that are associated with remedy failure \[[@B4-biomolecules-10-01011]\].

Melanoma cell lines can be resistant to apoptosis and targeted therapy in preclinical studies \[[@B5-biomolecules-10-01011]\]. Autophagy is discussed as a potential mechanism of this finding \[[@B6-biomolecules-10-01011],[@B7-biomolecules-10-01011]\]. Autophagy is generally a double-edged sword. On the one hand, autophagy can protect cells from cytotoxic agents and cause cancer cells to survive. On the other hand, it can lead to type II cell (autophagy-induced) cell death \[[@B8-biomolecules-10-01011]\]. This suggests that autophagic cell death could be established as a caspase-independent alternative cell death mechanism \[[@B9-biomolecules-10-01011]\]. Therefore, autophagy might be a useful and novel therapeutic target for the destruction of cancer cells, especially in metastatic melanoma and drug-resistant cancers, in which apoptosis is impaired \[[@B6-biomolecules-10-01011],[@B10-biomolecules-10-01011],[@B11-biomolecules-10-01011]\]. Autophagy is a highly regulated cellular catabolic process that protects cells from unfavorable protein aggregation and damaged organelles and enhances cellular homeostasis, immunity, tumor suppression, genome stability, metabolism, and longevity \[[@B12-biomolecules-10-01011],[@B13-biomolecules-10-01011],[@B14-biomolecules-10-01011]\]. In response to stressors such as hypoxia or starvation, the initiation of autophagy is mediated by many complex proteins such as Unc-51-like autophagy activating kinase 1(ULK1), class III phosphoinositide 3-kinase (PI3K), ATG14L, VPS15, beclin1, autophagy-related gene 5 (ATG5), and microtubule-associated protein light chain 3 (LC3) \[[@B15-biomolecules-10-01011]\].

In the last decade, cold physical atmospheric plasma (also termed cold atmospheric pressure plasma, CAP) has attracted the attention of many scientists because it has been recognized as a potentially useful tool for the treatment of many types of cancer, including melanoma \[[@B16-biomolecules-10-01011],[@B17-biomolecules-10-01011],[@B18-biomolecules-10-01011]\]. CAP is a partially-ionized gas at atmospheric pressure containing electrons, positive and negative ions, reactive oxygen species (ROS), and nitrogen (RNS). Cold physical plasma devices generate plasmas at low temperatures in the range of the body temperature and hence avoid causing thermal harm to cells or tissues \[[@B19-biomolecules-10-01011],[@B20-biomolecules-10-01011],[@B21-biomolecules-10-01011]\]. Several CAP devices have been used in preclinical anticancer studies. The plasma sources differ in, e.g., geometrical configuration, driving frequency, high voltage waveforms, and working gas. Several types are known, for instance, the floating-electrode dielectric barrier discharge (DBD) \[[@B22-biomolecules-10-01011]\], the surface micro discharge (SMD) \[[@B23-biomolecules-10-01011]\], and plasma jets \[[@B24-biomolecules-10-01011]\].

It has been reported that CAP induces oxidative stress in various types of cancer cells and leads to an increase of apoptosis \[[@B25-biomolecules-10-01011],[@B26-biomolecules-10-01011],[@B27-biomolecules-10-01011]\] and other cell death pathways \[[@B28-biomolecules-10-01011],[@B29-biomolecules-10-01011],[@B30-biomolecules-10-01011]\]. Moreover, studies that investigated the potential of CAP treatment to be combined with traditional chemotherapy are scarce. In this study, an argon plasma jet was used to tackle melanoma in vitro and in vivo. It was demonstrated the plasma treatment showed selective cytotoxic effects, and that this potential was enhanced when combined with dacarbazine chemotherapy in terms of tumor regression.

2. Materials and Methods {#sec2-biomolecules-10-01011}
========================

2.1. Cold Atmospheric Pressure Argon Plasma Jet {#sec2dot1-biomolecules-10-01011}
-----------------------------------------------

An argon plasma jet was used as described before \[[@B31-biomolecules-10-01011]\]. Briefly, in our designed device, the distance between the two electrodes is \~7 mm. In pure argon gas (2.5 L/min) through a quartz tube, a plasma discharge between the two electrodes is generated by using high voltage. The plasma jet's length is 1.5 cm, with a final diameter of about 0.3 cm and gas temperature of 35 to 40 °C. The discharge current between the metal wire and the ring electrode is 10 mA ([Figure 1](#biomolecules-10-01011-f001){ref-type="fig"}). In this device, the relative emission intensity of the hydroxyl radical (in 308 nm) is the largest emission line among the other detected plasma species. Other important chemical reactive plasma species generated with the device are O, $O_{2}^{+}$, $O_{4}^{+}$, $O_{2}^{-}$, $O^{-}$, $O_{3}$, NO, singlet oxygen molecule $O_{2}{({a^{1}\Delta_{g}})}$, and H~2~O~2~.

2.2. Cell Culture {#sec2dot2-biomolecules-10-01011}
-----------------

The malignant murine melanoma cell line (B16F10) and the non-malignant murine cell line (L929) were purchased from the Pasteur Institute (Tehran, Iran). The cells were cultured in Roswell Park Memorial Institute 1640 (RPMI-1640) medium (Attocell, Austria) supplemented with 10% (*v*/*v*) fetal bovine serum (FBS), 100 U/mL penicillin, and 100 µg/mL streptomycin under standard culture conditions (37 °C, 5% CO~2~, and 95% humidity).

2.3. Metabolic Activity, Cell Viability, and Apoptosis {#sec2dot3-biomolecules-10-01011}
------------------------------------------------------

The MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) assay is frequently used to measure the cytotoxic effects of different agents in cells that compromise their metabolic activity. A total of 7 × 10^3^ B16 or L929 cells per well were cultured in a 96-well plate with three technical replicates for each group and allowed to grow for 24 h before treatment. We cultivated four groups for each cell line: group 1, untreated cells as a negative control; group 2, Dacarbazine (DAC) (100 μg/mL) treated cells, an alkylating anticancer agent routinely used for the treatment of metastatic melanoma; group 3, H~2~O~2~ (0.1 mM) treated cells as a control for oxidative stress; group 4, CAP treatment for 45s. Twenty-four hours after the treatment, the culture medium was removed, and the cells were washed with PBS before 50 µL of MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide, Sigma, USA) solution (5 mg/mL in PBS) was added to each well. After 4 h of incubation at standard conditions, formazan crystals were solubilized by the addition of 150 µL of dimethylsulfoxide (Merck, Darmstadt, Germany) to each well. The absorbance was measured at 570 nm using a BioTek microplate reader (BioTek, Winooski, VT, USA).

To analyze cell viability, the fluorescent dye acridine orange (AO) was used. The dye passes through the cell membrane and binds to DNA. Hence, all cells stain positive for this dye when using fluorescence microscopy. By contrast, ethidium bromide (EB) is unable to pass through cell membranes of live cells, but it can enter dead cells where it then binds to DNA to mark cells with compromised cell membranes (terminally dead cells). For AO/EB staining, 7 × 10^3^ cells/well were cultured in 96-well plates. After treatment and overnight incubation, 25 µL of PBS containing 2 µL of AO/EB mixture (100 µg/mL) was added to each well. Fluorescence microscopy was performed with four to six random fields of view for each well using an inverted fluorescent microscope at 400× magnification.

To determine apoptosis, the Annexin V Apoptosis Detection Kit (BD Biosciences, Franklin Lakes, NJ, USA) was used. Briefly, after 24 h of culture, the cells were washed with PBS and resuspended in 1× binding buffer before labeling with Annexin V-FITC and propidium iodide (PI, 1 mg/mL). Samples were mixed gently and incubated at room temperature in the dark for 15 min. After washing in binding buffer, cells were analyzed using flow cytometry (Partec, Münster, Germany).

2.4. Nitric Oxide (NO) and LipidPeroxidation {#sec2dot4-biomolecules-10-01011}
--------------------------------------------

To quantify nitrite, a product of NO, the Griess assay was employed \[[@B32-biomolecules-10-01011]\]. Briefly, the standard solution was prepared using ionized water and concentrations of 0, 5, 10, 15, 20, and 25 μM ofNaNO~2~. Each sample was added in five technical replicates per 96-well microplates. In each well, 100 μL of each sample and the standard mentioned above were added separately. Then, 50 μL of 2% sulfanilamide (in 5% HCl) and 50 µmL of 0.1% N-naphthyl-ethylenediamine were added to each well and incubated for 30 min at 37 °C. After incubation, the optical density of each reaction mixture was read at 540 nm using a BioTek microplate reader (BioTek, Winooski, VT, USA). Linear regression analysis of the standard samples was performed for quantification of the nitrite concentrations in µg/mL.

Lipid peroxidation was determined by measuring the levels of malondialdehyde (MDA) (28). Briefly, after incubation of the cells for 24 h, the supernatant was collected and shaken in the presence of 2.5 mL of 20% trichloroacetic acid (TCA) in a 10 mL centrifuge tube to precipitate protein. One milliliter of 0.6% TBA was added to the mixture, shaken, and heated for 20 min at 90 °C in a water bath. The precipitate was pelleted by centrifugation at 4000× *g* for 15 min yielding a chromogenic product. MDA levels were read at 535 nm (BioTek, Winooski, VT, USA).

2.5. Animal Experiment {#sec2dot5-biomolecules-10-01011}
----------------------

Six- to eight-week-old male BALB/c mice were housed under standard conditions at the Institute of Laboratory Animals of Mazandaran University of Medical Sciences. The protocol of this study was approved by the Ethical Committee of Medical Researches of Mazandaran University of Medical Sciences. To grow melanoma tumors, 5 × 10^5^ B16 cells in 100 μL PBS were injected subcutaneously into the right flank of mice. Ten to twelve days after B16F10 tumor cell inoculation, the tumor diameter reached 5 mm. Tumor-bearing mice were randomly divided into four groups, including (a) untreated controls, (b) chemotherapy using DAC, (c) plasma jet treatment (CAP), and (d) combination therapy using DAC and CAP. DAC was injected intravenously at a dose of 0.1 mg/kg for five days. CAP treatment was performed for 5 min three times with a five-day interval. The plasma jet nozzle was set up on the top of the tumor mass at a distance of 15 mm to the skin surface and was continuously moved across the tumor surface during treatment. The tumor size was measured using a digital caliper and calculated using the following formula: π/6 × length × width × width. For tumor tissue analysis, mice were sacrificed, and the tissue was stored at −70 °C until RNA extraction.

2.6. Histology {#sec2dot6-biomolecules-10-01011}
--------------

Melanoma samples were fixed in 10% buffered formalin and embedded in paraffin using the classical histological method. Three-micrometer thick sections were cut using a Rotary Leica microtome (Leica Biosystems, Nussloch, Germany) and attached to microscopy slides. For diagnostic purposes, the slides were stained with hematoxylin and eosin (H&E) and imaged using brightfield microscopy.

2.7. RNA Quantification {#sec2dot7-biomolecules-10-01011}
-----------------------

Total RNA was extracted from 1 × 10^6^ B16 or L929 cells treated in vitro, and from 50 mg of tumor tissue samples from each mouse group at different time points of examination, using an RNA extraction kit (FervorGen, Taiwan) according to the manufacturer's instructions. The quantity and quality of the extracted RNA were measured based on the absorbance ratio (A260/A280) and agarose gel electrophoresis, respectively. The total RNA was stored at −70 °C until used for further assays. The expression of Bax, Bcl2, Caspase 3, LC3, and ATG5 mRNA levels were quantified by stem-loop Taqman real-time PCR assay, using a unique sequence index (USI) barcode and probe described by Fattahi et al. \[[@B33-biomolecules-10-01011],[@B34-biomolecules-10-01011]\]. GAPDH mRNA was used as an endogenous housekeeping control for all of the genes. All experiments were carried out in triplicate. Primers were designed using AlleleID 6.0 software ([Table 1](#biomolecules-10-01011-t001){ref-type="table"}). For analysis of the in vitro samples, total RNA was extracted from each sample and transcribed into cDNA using mRNA specific USI RT-PCR primers and Reverse Transcriptase (GeNet Bio, Chungcheongnam-do, Korea). Gene expression analysis was performed using the Step One real-time PCR device (Applied Biosystems, Foster City, CA, USA) and HotStarTaqPlus DNA Polymerase (QIAGEN, Hilden, Germany) was used for the real-time PCR reaction. Amplification was performed according to Fattahi et al. \[[@B33-biomolecules-10-01011],[@B34-biomolecules-10-01011]\]. RNA levels (relative fold change) were determined using the Livake method \[[@B35-biomolecules-10-01011]\].

2.8. Statistical Analysis {#sec2dot8-biomolecules-10-01011}
-------------------------

Quantitative variables were shown as mean + or ± standard deviation (SD). Statistical analysis was determined for differences between groups with normal distribution by one/two way of analysis of variance (ANOVA). Tukey's post hoc test was used to perform pairwise comparisons between groups. In all comparisons, *p*-values \<0.05 were considered as statistically significant differences.

3. Results {#sec3-biomolecules-10-01011}
==========

3.1. CAP Selectively Induced Cellular Damage and Oxidation in B16 Cells {#sec3dot1-biomolecules-10-01011}
-----------------------------------------------------------------------

Cell lines of malignant, murine melanoma cells (B16) and non-malignant murine fibroblasts (L929) were used in this study. CAP and DAC treatment led to morphological changes indicative of cell damage ([Figure 2](#biomolecules-10-01011-f002){ref-type="fig"}A). For CAP, this was more pronounced in B16 over L929 cells, while DAC effects appeared to be similar in both cell types. Quantitative analysis of metabolic activity was performed using the MTT assay. CAP-treatment induced a significant reduction in metabolically active B16 cells compared to untreated B16 controls ([Figure 2](#biomolecules-10-01011-f002){ref-type="fig"}B). Again, the effects were less pronounced in L929 cells, while DAC was similarly toxic in both cell lines. To understand the contribution of endogenous (or plasma-derived) RNS such as NO in the toxicity, nitrite-a product of NO- was quantified in the cell culture supernatants. CAP treatment significantly increased NO production in both L929 and B16 cells compared with the untreated control ([Figure 3](#biomolecules-10-01011-f003){ref-type="fig"}A). The effect of DAC was minor in both cell lines, while the effect of CAP was stronger in B16 compared to L929 cells. Both RNS and ROS can contribute to lipid peroxidation and oxidant-induced cell death. To this end, malondialdehyde (MDA), an indicator of lipid peroxidation, was quantified. Both plasma and DAC treatment resulted in elevated MDA levels within B16, as well as L929 cells ([Figure 3](#biomolecules-10-01011-f003){ref-type="fig"}B). Altogether, plasma (selectively) and DAC (non-selectively) treatment led to morphological changes and decreased metabolic activity in the tumor cells, while elevated RNS lipid peroxidation levels were observed in both B16 and L929 cells to a similar extent with plasma treatment.

3.2. CAP Selectively Induced Apoptosis in B16 Melanoma Cells {#sec3dot2-biomolecules-10-01011}
------------------------------------------------------------

To further evaluate the effects of CAP on the cell death pattern and apoptosis in B16 and L929 cells, AO/EB fluorescence staining and the Annexin-V/PI assay were employed. AO diffuses into all cells (green), while EB only diffuses across the membrane of dead cells (red). The AO/EB staining revealed a higher occurrence of cell death in CAP-treated B16 cells compared with controls ([Figure 4](#biomolecules-10-01011-f004){ref-type="fig"}A). On the contrary to the impact of DAC in non-malignant L929 cells, CAP treatment had no significant toxic effect in L929 cells. To further confirm the effect of CAP on tumor cells, apoptosis analysis was performed, and representative flow cytometry dot plots of Annexin V and PI are shown ([Figure 4](#biomolecules-10-01011-f004){ref-type="fig"}B). The percentage of apoptosis was significantly higher in B16 cells after CAP treatment compared with controls. Meanwhile, flow cytometry revealed that DAC induced high apoptosis rates in both B16 tumor cells and non-malignant L929 cells. To analyze apoptosis on the molecular level, the expression of apoptotic genes, including Bax, Bcl2, and caspase 3 was evaluated in B16 and L929 cells and using stem-loop Taqman real-time PCR assay ([Figure 5](#biomolecules-10-01011-f005){ref-type="fig"}). The expression of Bax and caspase 3 but not Bcl2 was significantly increased after CAP treatment in B16 tumor cells in comparison to untreated controls ([Figure 5](#biomolecules-10-01011-f005){ref-type="fig"}A,B). The Bax/Bcl2 ratio was significantly changed in B16 tumor cells but not in non-malignant L929 cells following Ar-plasma exposure ([Figure 5](#biomolecules-10-01011-f005){ref-type="fig"}C). These modulations were in accordance with changes in caspase 3 expression ([Figure 5](#biomolecules-10-01011-f005){ref-type="fig"}D). In addition, CAP significantly increased the mRNA expression of LC3 and ATG5 in B16 tumor cells in comparison to untreated control cells ([Figure 5](#biomolecules-10-01011-f005){ref-type="fig"}E,F). Both genes are associated with autophagic processes. A similar result was observed for DAC in B16 cells for LC3. In L929 cells, however, CAP treatment decreased the expression of LC3 and ATG5, while DAC led to an increase and no change, respectively.

3.3. CAP Treatment Induced Apoptosis and Tumor Regression in B16 Melanoma-Bearing Mice {#sec3dot3-biomolecules-10-01011}
--------------------------------------------------------------------------------------

To evaluate the in vivo efficacy of the CAP on tumor regression, melanoma-bearing mice were CAP-treated three times in five-day intervals. Tumor progression and regression were followed by measuring tumor size and followed gene expression analysis. In addition, the combined effect of CAP and DAC chemotherapy was also determined in a separate experimental group. There was no significant difference (*p* = 0.876) in tumor size at the start point of intervention ([Figure 6](#biomolecules-10-01011-f006){ref-type="fig"}A). However, after the beginning of intervention by CAP, DAC chemotherapy, or combination therapy on days 5, 10, and 15, the tumor size was significantly reduced compared to the untreated group from day 5 onwards ([Figure 6](#biomolecules-10-01011-f006){ref-type="fig"}A,B). Combination therapy seemed to be the most potent modality to regress tumor progression ([Figure 6](#biomolecules-10-01011-f006){ref-type="fig"}C), although this was not statistically significant. H&E staining additionally confirmed the melanoma nodules in the dermis and their phenotype ([Figure 6](#biomolecules-10-01011-f006){ref-type="fig"}D).

Apoptosis-related genes in tumor tissues were investigated at three different time points of melanoma therapy. On day five, CAP exposure had no significant effect on Bax/Bcl ratio and caspase 3 expressions, while DAC treatment significantly increased the levels of Bcl2 and caspase 3 ([Figure 7](#biomolecules-10-01011-f007){ref-type="fig"}). With the second dose of the CAP and DAC, as well as the combination treatment on day 10, the Bax/Bcl2 ratio and caspase 3 expression were found to be significantly increased in all conditions. At day 15 in treated mice, changes in the Bax/Bcl2 ratio were abolished, while caspase 3 was significantly elevated, although at a lower magnitude compared to day 10. Compared to mono treatment, the combination therapy gave the most substantial changes on day 15, while it was surprising to find the anti-apoptotic Bcl2 increased the most in this condition. CAP therapy significantly enhanced LC3 and ATG5 expression on day 10 and, to a lesser extent, on day 15 ([Figure 8](#biomolecules-10-01011-f008){ref-type="fig"}). DAC treatment first led to a significant decline of both markers on day 5, followed by modest changes on day 10, and a stronger increase on day 15. The combination treatment led a very pronounced increase on day 5 with 20-fold (LC3) and 40-fold enhancement in expression of LC3 and ATG5, respectively. On days 10 and 15, LC3 and ATG5 expression were still upregulated with combination therapy but to a lesser extent when compared to day 5. A schematic model of molecular mechanisms of ROS, the main defined CAP-producing substances, on proposed-autophagic/apoptotic cell death crosstalk in B16 melanoma is shown ([Figure 9](#biomolecules-10-01011-f009){ref-type="fig"}).

4. Discussion {#sec4-biomolecules-10-01011}
=============

Metastatic melanoma is one of the most malignant cancers with high resistance to chemotherapy, radiotherapy, and immunotherapy. Therefore, finding new effective therapeutic modality is essential to induce various cell death processes that would be more difficult to overcome by cancer cells \[[@B36-biomolecules-10-01011]\]. In this study, we identified CAP as an apoptotic-inducing tool for growth inhibition and tumor regression of B16 melanomas. CAP treatment was selective as it did not affect non-malignant cells to the same extent. In addition, combining CAP treatment with chemotherapy (DAC) increased the potency of the approach. Our results are in line with reports on other tumor cell lines, for instance, melanoma \[[@B37-biomolecules-10-01011],[@B38-biomolecules-10-01011],[@B39-biomolecules-10-01011],[@B40-biomolecules-10-01011],[@B41-biomolecules-10-01011],[@B42-biomolecules-10-01011],[@B43-biomolecules-10-01011]\], brain cancer \[[@B44-biomolecules-10-01011],[@B45-biomolecules-10-01011],[@B46-biomolecules-10-01011]\], breast cancer \[[@B47-biomolecules-10-01011],[@B48-biomolecules-10-01011]\], colorectal cancer \[[@B49-biomolecules-10-01011],[@B50-biomolecules-10-01011],[@B51-biomolecules-10-01011],[@B52-biomolecules-10-01011]\], lung cancer \[[@B53-biomolecules-10-01011],[@B54-biomolecules-10-01011],[@B55-biomolecules-10-01011]\], leukemia \[[@B56-biomolecules-10-01011],[@B57-biomolecules-10-01011],[@B58-biomolecules-10-01011],[@B59-biomolecules-10-01011],[@B60-biomolecules-10-01011]\], liver cancer \[[@B61-biomolecules-10-01011],[@B62-biomolecules-10-01011],[@B63-biomolecules-10-01011]\], and head and neck cancer \[[@B64-biomolecules-10-01011],[@B65-biomolecules-10-01011],[@B66-biomolecules-10-01011]\] that show antitumor effects of plasma treatment, as well as partially also a combination effect with other types of therapies.

CAP generates a plethora of biologically active ROS simultaneously \[[@B67-biomolecules-10-01011],[@B68-biomolecules-10-01011],[@B69-biomolecules-10-01011]\]. These ROS then interact with cell membranes and other compartments, leading to redox signaling and many forms of cell death \[[@B70-biomolecules-10-01011]\]. Because of metabolic differences between tumor and non-malignant cells, the plasma can selectively act on tumor cells \[[@B71-biomolecules-10-01011]\]. We found CAP treatment to increase endogenous NO production and lipid peroxidation, both associated with increased cell death in B16 cells. Supraphysiological NO has been previously linked to apoptosis B16 melanoma \[[@B72-biomolecules-10-01011]\]. Apoptosis can be a significant event in melanoma cells, so the response to cancer treatments in some circumstances depends on the successful induction of apoptotic activity \[[@B73-biomolecules-10-01011]\]. In this study, AO/EB fluorescence staining and flow cytometry analysis revealed that the CAP and DAC chemotherapy-induced apoptosis in B16 melanoma, while only DAC but not CAP was toxic in non-malignant L929 cells. mRNA expression analysis confirmed this finding. The ratio of Bax/Bcl2 demonstrates the stability and balance between the expression levels of pro and anti-apoptotic genes that play an essential role in the cellular response to stress and exogenous factors resulting in apoptosis \[[@B74-biomolecules-10-01011]\]. Our data are consistent with other studies that confirmed the increased expression of pro-apoptotic genes in different types of plasma-treated cancer cells \[[@B75-biomolecules-10-01011],[@B76-biomolecules-10-01011],[@B77-biomolecules-10-01011],[@B78-biomolecules-10-01011]\].

Although there was a weakness in our study as it lacked protein expression data, our data on LC3 and ATG5 gene expression increased with CAP treatment, suggesting the involvement of autophagic processes in B16 cells. Autophagy is mediated by the ULK1 complex. Then the PI3Kcomplex that contains VPS34 (vacuolar protein sorting 34), PI3K, ATG14L, VPS15, and beclin1, helps the organization of the phagophore. Elongation of the phagophore is regulated by the ATG5, ATG12, ATG16 complex, and LC3 \[[@B15-biomolecules-10-01011]\]. Therefore, ATG5 and LC3 are critical molecules in the induction of autophagic activity. Autophagy is essential for the survival or death of the cells, so that many studies have focused on demonstrating the effect of cancer treatment strategies based on autophagy mechanisms. Although it is well known that autophagy has a significant role in tumor biology \[[@B36-biomolecules-10-01011],[@B79-biomolecules-10-01011],[@B80-biomolecules-10-01011]\], reports focusing on plasma-triggered autophagy induction are lacking. Our results showed that the expression of LC3 and ATG5 mRNA was significantly increased in B16 melanoma cells treated by the CAP, whereas CAP-treated non-malignant L929 cells showed an appreciable reduction in the expression of autophagic-related genes. This might be a useful modality in cancer therapy to specifically overcome resistance to apoptosis-inducing drugs. Autophagy may coincide with apoptosis to induce cell death \[[@B81-biomolecules-10-01011]\].

The combined effect of the CAP and DAC on melanoma mass regression was more promising than the monotherapy by each one alone. In general, both mono and combination treatment had a remarkable effect on reducing the tumor mass, as seen on day 15. This finding is in accordance with other reports that show the combination of plasma treatment with other conventional therapeutic approaches such as ursolic acid, temozolomide, radiotherapy, or gemcitabine for efficient tumor cell inactivation and removal in vivo \[[@B82-biomolecules-10-01011],[@B83-biomolecules-10-01011],[@B84-biomolecules-10-01011]\]. Our findings of the increased expression of pro-apoptotic genes in tumor tissues in both mono and combination treatment, especially after the second hit at day 10, underline these findings.

5. Conclusions {#sec5-biomolecules-10-01011}
==============

Our findings suggest CAP treatment to be selectively toxic in tumor cells by promoting apoptosis. In addition, adjuvant therapy by CAP might be significantly increased the effectiveness of chemotherapy on tumor cells. Further studies are needed to clarify the signaling pathways involved to better understand plasma therapy as an adjuvant modality in tumor treatment.
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![Schematic of the argon-seeded plasma jet applied in vitro and in vivo.](biomolecules-10-01011-g001){#biomolecules-10-01011-f001}

![The effect of CAP, DAC, or combined treatment on cell morphology and metabolic activity of B16 and L929 cells.The cells were treated with CAP for 45 s, DAC (100 μg/mL), CAP+DAC combination, or were left untreated, and evaluated after 24 h. (**A**) Metabolic activity was assessed at 24 h post-treatment using the MTT assay. (**B**) Since ROS production is a well-defined mechanism of plasma, hydrogen peroxide was used as a positive control. The results are representative of mean +SD of three independent experiments. Metabolic activity was calculated by the below formula: (OD~570nm~ of treated cells/OD~570nm~ of untreated cells) × 100. The scale bar is 100 µm. NS means not significant, and \*\*\* and \*\* represent *p* \< 0.001 and *p* \< 0.01, respectively.](biomolecules-10-01011-g002){#biomolecules-10-01011-f002}

![Quantification of nitrite and MDA. The levels of nitrite (**A**) and MDA (**B**) were measured in B16 and L929 cell supernatants and following exposure to the mono and combination treatment. Data are presented as the mean + SD of five technical replicates experiments.](biomolecules-10-01011-g003){#biomolecules-10-01011-f003}

![Effect of CAP and DAC on apoptosis.The pattern of AO/EB staining in B16 tumor cells or non-malignant L929 cells treated with CAP (45-sec exposure) or DAC (100 µg/mL), or without any treatment (untreated). (**A**) Green fluorescence shows the live cells, while orange fluorescence represents the dead cells. Annexin V/PI flow cytometry analysis of the B16 and L929 cells 24 h post the different treatment regimens. The data represent the percentage of live cells (Q3), early (Q4) or late (Q2) apoptotic cells, and necrotic cells (Q1). (**B**) Data are representative of three independent experiments. The scale bar is 100 µm.](biomolecules-10-01011-g004){#biomolecules-10-01011-f004}

![Effect of CAP on apoptotic gene expression in B16 tumor cells and non-malignant L929 cells. (**A**--**F**) 24 h after CAP or DAC treatment, mRNA was extracted, and the expression of apoptotic (Bax, (**A**); Bcl2, (**B**); caspase 3, (**C**); and Bax to Bcl2 ratio, (**D**)) and autophagy-related (ATG5, (**E**); and LC3, (**F**)) genes was evaluated using real-time PCR. In all experiments, GAPDH was considered as the housekeeping control gene. Altered gene expression is shown as fold changes referring to untreated control cells. The results are representative of three independent experiments and show mean + SD.](biomolecules-10-01011-g005){#biomolecules-10-01011-f005}

![Effect of CAP and DAC mono and combination therapy on melanoma progression in vivo. B16 tumor-bearing mice either left untreated or treated with CAP, DAC, or CAP+DAC combination therapy. Tumor size was evaluated every five days with the statistical comparison of tumor size in the CAP-treated group to the untreated group (upper *p*-values) and between DAC and combination therapy (lower *p*-values). (**A**) Comparison of tumor volume of all groups at a lower scale. (**B**) Representative images of tumors treated with CAP, combination therapy, and of the untreated group (**C**) after two treatments. H&E staining on the tenth day after inoculation of the tumor (**D**) of a nodular tumor that occupied the dermis (I), area of necrosis (II), and pleomorphic and achromic epithelioid malignant melanocytes with vesiculous nuclei and eosinophilic macronuclei (III). Data are presented as mean ±SD of at least five mice for each time point.](biomolecules-10-01011-g006){#biomolecules-10-01011-f006}

![Apoptotic gene expression in melanoma samples subjected to CAP or DAC mono or combination therapy. Shown are results for Bax, Bcl2, and caspase 3 in tumor tissue lysates collected at days 5, 10, and 15. Real-time PCR was performed using GAPDH as a housekeeping control gene. Altered gene expression is shown as fold changes referring to untreated control cells. The results are representative of three mice per time point. Statistical analysis was performed using one-way ANOVA with Tukey's post hoc test to untreated normalized control.](biomolecules-10-01011-g007){#biomolecules-10-01011-f007}

![LC3 and ATG5 expression in melanoma samples subjected to CAP or DAC mono or combination therapy. Shown are results for LC3 and ATG5 in tumor tissue lysates collected at days 5, 10, and 15. Real-time PCR was performed using GAPDH as a housekeeping control gene. Altered gene expression is shown as fold changes referring to untreated control cells. The results are representative of three mice per time point. Statistical analysis was performed using one-way ANOVA with Tukey's post hoc test with the untreated normalized control.](biomolecules-10-01011-g008){#biomolecules-10-01011-f008}

![Schematic model of the molecular signal pathway of the proposed cell death crosstalk in B16 cells exposed to plasma induced-ROS. In short, CAP-induced ROS cause oxidative stress. The excessive intracellular ROS can, in turn, activate the TNF-R1 pathway, which leads to ASK1 activation and downstream stimulation of ERK, JNK, or p38. Phosphorylated JNK activates the pro-apoptotic protein, Bax. Bax translocates to the mitochondria and triggers the release of cytochrome C into the cytosol, leading to the activation of caspase-3/7 and eventually causes apoptotic cell death. Intracellular ROS can also suppress cell growth by inducing DNA double-strand breaks (DSBs) and upregulating p53 antitumor activity. P53 arrests the cell cycle via P21 and increases apoptosis based on the mitochondrial pathway by enhancing PUMA/NOXA/Bax. By contrast, ROS can directly stimulate ERK1/ERK2 and JNK. ERK1/ERK2 can induce LC3. JNK phosphorylates Bcl-2 and releases beclin1 associated with LC3 that is involved in autophagic cell death. Alternatively, JNK can induce c-jun phosphorylation. Phospho-c-jun induces AP-1 production, which in turn increases the expression of many genes such as c-jun, beclin 1, Atg5/7, Bax, and FasL. Beclin 1 and Atg 5/7 stimulate autophagic cell death, and FasL can induce Fas receptor (Fas-R) expression and activate caspase 8, which in turn stimulates Bax-oligomerization.](biomolecules-10-01011-g009){#biomolecules-10-01011-f009}
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###### 

Primer sequences used for stem-loop RT PCR.

  --------------------------------------------------------------------------------------------------------------
  Accession Number   Gene Name   Primers 5′ 3′
  ------------------ ----------- -------------------------------------------------------------------------------
  NM_007527.3        Bax         Specific forward primer:\
                                 GCGGCTGCTTGTCTGGATC\
                                 USI RT-PCR primer\
                                 GTCGTATCCAGTGCTGCGACCGTATGGATGTGTCTGCGGCGTTTTATCATGCACTGGATACGACCGGTGAGGACTC

  NM_009741.5        Bcl2        Specific forward primer:\
                                 CTACGAGTGGGATGCTGGAGATG\
                                 USI RT-PCR primer\
                                 GTCGTATCCAGTGCTGCGACCGTATGGATGTGTCTGCGGCGTTTTATCATGCACTGGATACGACGCTGGAAGGAGA

  NM_001284409.1     Caspase 3   Specific forward primer:\
                                 CTCTACAGCACCTGGTTACTATTCC\
                                 USI RT-PCR primer\
                                 GTCGTATCCAGTGCTGCGACCGTATGGATGTGTCTGCGGCGTTTTATCATGCACTGGATACGACGTTGCCACCTTC

  NM_025735.3        LC3         Specific forward primer\
                                 CTTCGCCGACCGCTGTAAG\
                                 USI RT-PCR primer\
                                 GTCGTATCCAGTGCTGCGACCGTATGGATGTGTCTGCGGCGTTTTATCATGCACTGGATACGACGATCACCGGGAT

  NM_053069.6        ATG5        Specific forward primer\
                                 GTCGCCCCTGAAGATGGAGAG\
                                 USI RT-PCR primer\
                                 GTCGTATCCAGTGCTGCGACCGTATGGATGTGTCTGCGGCGTTTTATCATGCACTGGATACGACGCTCAGCCACT

  NM_001289726.1     GAPDH       Specific forward primer\
                                 TTGTCAAGCTCATTTCCTGGTATG\
                                 USI RT-PCR primer\
                                 GTCGTATCCAGTGCTGCGACCGTATGGATGTGTCTGCGGCGTTTTATCATGCACTGGATACGACGGAGGCCATGTAG
  --------------------------------------------------------------------------------------------------------------

[^1]: Plasma enhances anti-melanoma chemotherapy.

[^2]: The first two authors contributed equally to this work.
